Abstract-This paper presents an optimization design method of a variable geometry tracked robot for structured environment. The types and sizes of the obstacles in the structured environment are known. Based on the kinematics analysis of climbing stairs, surmounting pipelines and crossing gullies, the performance functions which display the relationship between structure parameters of the robot and the sizes of obstacles are obtained. Then according to the requirements of overcoming the obstacles in the structured environment, the performance functions are turned into the objective functions, and the goal programming model is obtained. Furthermore, considering the nonlinearity of the model, the pattern search method is applied to obtain the optimization result. Finally, a dynamics simulation platform is set up to verify the performance of the robot, and the feasibility of the parameter optimization method of the robot designed for structured environment is proved.
I. INTRODUCTION
Tracked robots have attracted attentions from numerous researchers in recent years since they have a simpler structure than that of the legged robots, and better environmental adaptability than that of wheeled robots. Due to the above advantages, the tracked robots are widely applied in rescuing, mining, logging and explosive ordnance disposing. Furthermore, among the tracked mobile robots, the variable geometry tracked robots are gaining more attention since they provide better capacity to negotiate obstacles. There are several famous variable geometry tracked robots including VCTV (Variable Configuration Tracked Vehecle) presented by Iwamoto [1] , VGTV (Variable Geometry Tracked Vehicle) proposed by Jean-Luc [2] , LMA (Linkage Mechanism Actuator Tracked Vehicle) designed by Engineering Services Inc. [3] and TSSTV (Transformable Shape Single Tracked Vehicle) designed by Jeehong [4] .
Before we design the robot, we should know the performances of the robot which decide whether it can adapt to the environment or not. The performances of a robot can be influenced by many factors, among which the most important one is the mechanism structure of the robot. So how to design a reasonable structure parameter for the robot is very important. Sung Kyun [5] designed VGSTV (Variable Geometry Single Tracked Vehicle) by analysing the phases of climbing stairs. Gao [6] designed a parallel robot based on performance of mechanism singularity and motion transmission. Nan Li [7] applied multi-objective genetic algorithm for the design of amphibious robot. However, most design methods are based on the maximal or minimal performance function, which cannot be applied in structurd environment where the highest or longest barriers are certain. Firstly, the results of the methods are not guaranteed to meet the requirements of the highest or longest obstacles. In contrast, from lightweight considerations, the obstacle it can cross may be much larger than that in the environment. Therefore, this paper intends to propose a robot design method for structured environment where the types of obstacles and the sizes of highest or longest obstacles are known.
The rest of this paper is organized as follows: the concept of the variable geometry robot is given in Section II. The model of structure parameter optimization is established in Section III. Pattern search method and optimal results by pattern search are presented in Section IV. The Simulation results using Adams are listed in Section V. Some concluding remarks are given in the last Section VI.
II. CONCEPTUAL DESIGN
The robot is designed for a structured environment-nuclear submarine, in which there are stairs, pipelines and gullies. And the sizes of the obstacles are known.
The basic requirment for the robot is that the robot must overcome the highest or longest obstacles in the environment. Considering the environmental adaptability and the simple structure of the tracked robot, we study the tracked robot. As shown in Fig.1 , the single track robot can evolve into different track robots by increasing arms or changing the installation of the track. For the armless robot, as shown in Fig.1(a) , it requires two motors which are applied to drive the robot to move on and turn. But the obstacles it can overcome depends on the diameter of the wheels.
The one-arm robots, as shown in Fig.1 and the other one is used to control the arm. The robot in Fig.1 (c) has two tracks in each side while the ones in Fig.1 (b) and (d) only have one. The arms and tracks of robots in Fig.1 (b) and (d) are more complicated and one of the important problems is how to maintain the length of the track while reshaping. However, the robot in Fig.1 (d) has better ability to adapt to the environment because its arm can be regarded as both front-arm and rear-arm. That is, the robot in Fig.1 (d) can function as the two-arm robot despite only with one arm.
The two-arm robots, as shown in Fig. 1 (e), (f) and (g), require four motors, two of which are used to drive the robots to move on and the other two are used to control the different arms. Generally, the two-arm robots have better adaptability to the environment, but the cost is higher than that of the one-arm robots due to the numbers of the motors.
Based on the above analysis, the robot in Fig.1 (d) has one arm which can be used as both front arm and rear arm like two-arm robots, but it is equipped with fewer motors than the two-arm robot. So in the following part, we analyze the robot in Fig.1 (d) and expect to design reasonable structure parameters for the structured environment-nuclear submarine.
III. MODEL OF STRUCTURE PARAMETER OPTIMIZATION
To design the basic mechanism, we should know structure parameter of the robot, especially under structured environment where extremely large robot is a waste and the small robot cannot work properly. So the structure parameters which decide the performances of the variable geometry tracked robot are studied first. Then, to get the value of the parameters, the performance function and objective funcion is obtained by analyzing the relationship between structure parameters and the highest or longest obstacles in the environment. Furthermore, the constraints are studied to satisfy the requirment of overcoming obstales. Finally, the goal programming model is established to obtain rational structure parameters.
A. Structure Parameters
As for the variable geometry tracked robot as shown in the Fig. 2 , the driving wheels and the passive wheels are installed in the ellipse focuses, and the planetary wheels whose corner trajectory is traced along the ellipse are installed on the tip of the arms. There are several parameters decide the performance as shown in Table I . But some parameters are not independent. To remove the dependent parameters, the strech quantity of the track is analyzed by the deformation principle. From the Fig. 2 , the total length of the track can be obtained
where L O1P is the distance between the center of driving wheel and the planetary wheel, L O2P is the distance between the center of passive wheel and planetary wheel.
The following equation can be obtained based on the ellipse theorem when the arm is turing
The wrap angle of the wheel is determined by
where θ 1 , θ 2 , θ 3 are shown in Fig. 2 .
Assuming that r 1 =r 2 =r 3 =r, the total length of the track L 0 = L c + 2L a + 2πr only related to the overall structure. Removing the correlation parameters, the number of parameter is reduced to four. So the structure parameter X = {L a , L c , r, B}.
B. Performance Function and Objective Function
The so-called performance function is the relationship between the obstacle the robot can cross and the structure parameters of the robot. As the robot has different strategies to adapt to different obstacles under diverse circumstances, the typical barriers in the environment should be taken into account. In this paper, the stairs, pipelines and gully which are universal in the environment are considered. To obtain performance function, the processes of crossing obstacles should be analyzed firstly. Then, performance function is turned into the objective function in accordance with the principle of goal programming.
1) Stairs-Climbing Performance and Objective Function:
The variable geometry tracked robot is able to cope with barriers of various sizes. For the small barriers, the robot can cross it without the assistance of swinging arms. But to design a robot adapting to a particular environment, the key point is to deal with the largest stair which determines the size of the robot. The process of climbing the larger stairs is shown in Fig. 3 .
In climbing the stairs, the most important problem is whether the center of gravity can be higher enough than the boundary of the stairs. So we study the step of (e) in Fig.  3 and expect to obtain the relationship of the robot structure parameters and the highest stairs it can cross. If the coordinate system is as shown in Fig.3(e) , the performance function of climbing stairs can be expressed as:
where the x G and y G are on the position of robot gravity center, β is the dip angle which is between the X axis and the ground, and the r is the radius of the wheels. What's more, β ∈ (0, π/2), otherwise the robot will stumble. The x G and y G is given by
where m 1 and m 2 respectively stand for the qualities of the body and the arm, l 2 is the distance between the centroid of arm and the origin of coordinate, and the γ is the angle between arm and X-axis.
To obtain the relationship between the structure parameters and the highest stairs it can climb, we analyze the derivation of variables:
From (6) it can be seen that the larger the x G is, the larger stairs the robot can climb, and the smaller the y G is, the larger stairs the robot can climb. Considering γ ≥ 0 when climbing the stairs, the longest x G and smallest y G = 0 can be obtained when the γ = 0.
Next how the β impacts the relationship between structure parameters and the stairs it can climb is carried out. The derivatives and second derivatives of β are as follows:
From (7) it can be seen that if
Replacing β in the (4) using (8), the largest height of stairs H max can be obtained.
Assuming that the height of the highest stairs in the environment is H 0 , and H max = H 0 should be satisfied. So the objective function and the corresponding objective constraint of climbing stairs can be expressed as:
where d − 1 is the deviation which is the part not reaching the goal H 0 , and d + 1 is the deviation which is the part exceeding the goal H 0 .
2) Pipelines-Surmounting Performance and Objective
Function: Similarly to the stair climbing, we only care how the robot surmount the larger pipelines, and the process is shown in Fig. 4 . The biggest difference to the stairs is that the pipelines have no boundries, which makes the contact between pipeline and robot dynamical. For simplicity, we just assume that the center of grivity can be higher than the diameter of the pipeline. It should be noted that the assumption is just a necessarily sufficient condition, that is, if the condition is satisfied, the robot must be able to surmount the pipeline, but vice versa doesn't work.
In order to accord with the stairs climbing, the pipeline is equivalent to a virtual stair, as shown in Fig. 4(d) . So the performance function of surmounting the pipeline can be expressed as:
where the R is the radius of the pipeline and the H is the height of the stair.
Furthermore, we can obtain the derivation of variables:
The impact of gravity center (x G , y G ), like the analysis of the stair climbing, will not be described here again.
For the largest R, it's similar to the analysis of stair climbing. Assuming that cos 3 β = δ, based on ∂R ∂β = 0, the β can be expressed as:
Replacing β in the (10) using (12), the largest height of stairs can be obtained. And the δ can use any value in (0.1, 0.2).
Supposing that the radius of the highest pipeline in the environment is R 0 , and as the analysis of stairs, the objective function and the corresponding objective constraint of surmounting the pipelines can be expressed as:
is the deviation -the part doesn't reach the goal of R 0 , and d + 2 is the deviation -the part exceeds the goal R 0 .
3) Gully-Crossing Performance and Objective Function:
From the process of crossing the gully, as shown in Fig. 5 , there are two critical stages to cross the gully, as shown in Fig. 5 (a) and (b) . The longest gully the robot can cross is the smaller one in the two stages, so the performance function of crossing gully can be expressed as: Assuming that the width of the largest gully in the environment is S 0 , the objective function and the corresponding objective constraint of crossing the pipelines can be expressed as:
where d 
C. Constraints
The constraints are some conditions where the result must be satisfied. In this model, we consider the initial condition constraint, boundary constraint and mass constraint.
1) Initial Condition Constraint:
Before crossing the obstacle, the robot should contact with the obstacle, as shown in Fig. 6 . According to the structure of the robot, the maximal height of the arm can be expressed as:
Furthermore, the initial condition constraint can be expressed as: 2) Boundary Constraint: The boundary constraint, the estimate for the result of the parameters, can improve the computational efficient. The general form can be expressed as:
3) Mass Constraint: The total mass of robot will directly influence the portability and applicability. So the mass requirement is very important. The mass requirement can be expressed as:
where ρ is the material density of the robot shell, t is the thickness of the shell, m is the total mass of the robot, m f is the mass except shell, including drive motor, wheels, control equipment and other parts and m 0 is the maximal quality requirement.
Based on the above analysis, the goal programming model is established as follows:
where w i (i=1,2,3) are the weight of the obstacles.
IV. MODEL SOLVED BY PATTERN SEARCH
Considering the nonlinearity of the (20), the effective method to solve this problem is pattern search [8] - [10] .
A. Pattern Search
Pattern search is a numerical optimization method that does not require the information of the derivatives and second derivatives. And it is useful and effective to resolve the problem where the first and second derivatives of the objective function are inconvenient to be obtained.
To display the process of the pattern search, using two variables to instruct, as shown in Fig. 7 . The t k,j expresses the best value after updating the jth variable of the kth mode by its perturbation value, δ express the initial perturbation vector, x (n) (n = 2, 3...) is the best point after the (n − 1)th mode, the search starts from x (1) , and the tentative point t k+1,0 = 2x 
B. Optimization Result
The goals are shown in Table II . And considering that the performance function in surmounting pipelines is just a necessarily sufficient conditions, the weight is lower than climbing stairs and crosing gullies, as shown in Table II . The limit and the initial point when calculating the model are shown in Table III . After the calculation, the results are obtained, as shown in Table III too. At the same time, the deviations have been obtained too, as shown in Table IV . From Table IV , it is easy to know that the parameters meet the requirments of the stairs, gullies and the quality when ignore the minor negative deviation. Because the performance function of pipelines uses the necessary sufficient condition, the robot may meet the requirement of the pipeline although the negative deviation exists. To prove the correctness of the results, the simulation will be carried on.
V. SIMULATION RESULTS
Based on the optimized results, the simulation model can be established. To be simple and realistic, rounding the optimization result, and in the simulation model, the parameters are as shown in Table V . 
A. Simulation and Analysis for Climbing Stairs
The process of climbing the stairs is shown in Fig. 8 and the height of the center of gravity(C.G.) is shown in Fig. 9 , from which we can see, the height of the C.G. increases about 200mm, which proves the correctness of the parameters. 
B. Simulation and Analysis for Surmounting Pipelines
The process of surmounting the pipeline is shown in Fig.  10 and the height of the center of gravity(C.G.) is shown in Fig. 11 , from which we can see that the height of the C.G. increases about 200mm, which proves the correctness of the parameters. 
C. Simulation and Analysis for Crossing Gully
The process of crossing the gully is shown in Fig. 12 and the movement of the center of gravity(C.G.) is shown in Fig.  13 . Combining the Fig. 14 , the length of the C.G. moves about 300mm, which proves the correctness of the parameters. In this paper, we summarize the track robot and make indepth analysis of a variable geometry tracked robot whose arms can be regarded as both front arm and rear arm. What's more, the robot has the highest ratio of the environmental abilities and the complexity of the robot. To design proper structure for structured environment, after the analysis of the process of crossing special obstacles in the environment, the relationship between the obstacles and the structure parameters is built. Then the goal programming model is established. And by using the pattern search method, the model is solved and the optimal result is obtained. Finally, by simulating climbing the stairs, crossing the pipelines and the gullies, the applicability of the parameter is proved. Meanwhile, the applicability of the method to design the robot which is used in structured environment is proved.
In our future works, the dynamic model will be taken into account when obtaining the performance function. The calculation method of the nonlinearity model will be studied except for the pattern search. In addition, the effect of track deformation on the robot performance will be studied.
